G lass transition constitutes one of grand challenges of condensed and soft matter physics as well as modern materials science [1] [2] [3] [4] , where a long-expected fundamental breakthrough could lead to innovative implementations ranging from silicate glasses 5 and plastics 6 to pharmaceuticals 7 and foods 8 . The ultimate progress in this area is also important for biotechnological 9 , geophysical 10 , metallurgical 11 and electronic devices 12 implementations. Notable is the fact that glass transition physics is considered as one of key references for collective phenomena science, aimed to discover properties emerging from complex correlations 13 . Of particular interest of the glass transition research is the identification of universal features in the previtreous dynamic regime shared amongst a surprising variety of systems including low molecular weight liquids, polymers, liquids crystals, plastic crystals, colloids, metallic alloys, silicates, spin glasses, etc [2] [3] [4] [5] . A key metric linking so distinct glass formers was introduced by Austen Angell 14 , basing on a master plot of log 10 g(T) and/or log 10 t(T) versus T g /T where g(T) stands for viscosity, t(T) for structural (primary) relaxation time and T g is the glass temperature 14, 15 . This was possible due to the empirical normalization assumption for the glass transition temperature g(T g ) 5 10 13 Poise and t(T g ) 5 100 s. Subsequently, a metric describing the slope for T R T g , called 'fragility', was proposed 14, 15 :
The fragility index m describes the degree of shifting from the basic Arrhenius dynamics to the super-Arrhenius (SA) one, described by the general form where T . T g , R denotes the gas constant and DE a (T) the apparent activation energy. The basic Arrhenius dependence is restored for DE a (T) 5 E a 5 const.
There are two general types of glass formation defined by the fragility metric: (i) 'fragile' systems with highly SA dynamics (m . 50) and (ii) 'strong' ones, with close-to-Arrhenius behavior (m , 30) 2, 14, 15 . The basic Arrhenius behavior t(T) 5 t 0 exp(E a /RT) is associated with the minimal value of the fragility index and most often related to m 5 log 10 (t(T 5 T g )) 2log 10 , what indicates on the systemdependent minimal fragility.
Qualitative mapping of the previtrous increase of relaxation times or viscosity onto a single chart has led to the concept of fragility, becoming a focal point for research in glass transition physics 2, 3 . The most important appeared as the link between two basic properties, viz. fragility and the activation energy 2, 3, [18] [19] [20] . One may claim that the ultimate explanation of this problem is the ''condicio sine qua'' for reaching the conceptual breakthrough in glass transition physics 2, 3 . Surprisingly, despite decades of studies the situation is puzzling.
The first and broadly implemented up to now dependence [20] [21] [22] [23] [24] [25] [26] was proposed by Boehmer et al. 15 in 1993:
In 2004, Novikov and Sokolov 27 proposed yet another relation, supported by experimental evidence for a set of glass forming liquids 27, 28 :
This report presents the critical discussion of eqs. (3) and (4) and shows that their validity is casual. Subsequently, it presents the lacking so far fundamental link between fragility and fundamental process energies, viz. the activation energy and the activation enthalpy. The new, 'ultimate', scaling relation linking fragility and the activation energy has been also derived. Analytic results are supported by the clear experimental evidence for a broad range of glass formers.
Results
The new insight into fragility of glass formers. In Refs. 29, 30 the new approach for the insight into dynamics of the previtreous domain, based solely on the SA eq. (2) and the metric describing relative changes of the apparent activation energy was introduced:
The analysis in Refs. 29, 30 was possible due to the innovative way of determining DE a (T), which avoids the biasing impact of generally unknown prefactor t 0 in the SA eq. (2). This model-free approach lead to a set of notable findings including the limited fundamental adequacy of the Vogel-Fulcher-Tamman (VFT) [31] [32] [33] equation, identifying the role of local symmetry in glass formation and showing the ultimate way of ''dynamic'' estimation of the ideal glass transition temperature 29, 30 . Linking the SA eq. (2) and eq. (5) for the apparent activation energy temperature index one obtains: Figure 1 shows that eq. (7) can serve as the base for the new ''universal scaling plot'' for the previtreous dynamics of arbitrary glass former. It includes representatives from LMW, P, ODIC and LC categories 29, 30, [34] [35] [36] [37] [38] [39] . Notable is the correlation with the classical 'Angell' plot 2, 3, 14, 15 , presented in the inset for the same systems. For both plots the increase of curvature indicates the rise of fragility. However, in the main plot fragility it is directly determined by the ratio of fundamental process energies, namely:
which lead to:
The onset of the Arrhenius behavior is associated with the negligible curvature and almost horizontal behavior for DH a (T)/DE a (T) = 1 in Fig. 1 . The classical fragility index m (eq. (1)) is still explained as the ''formal'' parameter, namely the slope at the 'Angell' plot 2, 14, 15 . The new fragility parameter M 5 I DO (T g ) gives directly value between two basic process energies, which are then key fundamental features determining the value of fragility. Using eqs. (1), (2) and (9) one obtains the link between the 'classical' (m) and new (M) fragility metrics:
where the constant C 5 2 2 log 10 (t 0 ) 5 13-18. The relationship between m and I DO (T g ) was indicated earlier by Hecksher et al. 40 , but without an explanation of the physical meaning of I DO (T g ).
The experimental confirmation of the behavior predicted by eq. (10) is given in Figure 2 . It is notable that eq. (10), showing also the link of m to basic process energies, indicates also the uncertainty introduced by the prefactor t 0 or g 0 in SA eq. (2). The summary of characteristics for aforementioned experimental systems is given in Table 1 .
However, the most fundamental eqs. (1) and (2) directly indicate that the increasing SA behavior is associated with the rising nonlinearity at the ''Arrhenius-type'' plot ln(DE a (T)) vs. 1/T. Fig. 3 presents such plot, revealing the lack of a correlation between the increasing curvature of the apparent activation energy, coupled to rising fragility m, and the value of DE(T g ). This is in clear disagreement with mentioned above basic prediction (eq. (3)). Moreover, the simply linearization based on eqs. (1) and (2) 2, 14, 16, [20] [21] [22] [23] [24] [25] [26] , is inherently invalid. However, the simple analysis based solely on general eqs. (1) and (2) and eq. (9), derived above yields (see also Methods section):
T g m ln 10 Mz1 ð11Þ Figure 4 shows that the implementation of eq. (11) orders ''chaotically scattered'' curves in the main part of Fig. 3 . It also leads to the superior agreement with experimental data given the inset in Fig. 3 (the solid line). Consequently, eq. (11) can be considered as the new ultimate link between the activation energy and fragility, valid for an arbitrary glass former. Novikov and Sokolov 27, 28 proposed yet another relation linking fragility (determined for T g /T R 1) with the activation energy but this time taken for T g /T R 0, viz. eq. (4). For explaining its meaning, let's recall that in the low temperature domain (T g /T R 1) the increase of curvature and the slope in the 'Angell' plot 14, 15 is linked to increasing fragility m. For the same plot, log 10 g(T) or log 10 t(T) vs. T g /T, in the high temperature domain the decreasing slope is related to increasing value of m. This behavior is illustrated in Figure 5 , showing that Novikov and Sokolov 27, 28 relation DE a (T g /T R 0) , 1/m (eq. (4)) results from the construction of the 'Angell' plot. The underlying assumption of eq. (4) is also the ''universal'' value of the viscosity (log 10 g 0 5 24) or for relaxation time log 10 t 0 5 214 for T g /T R 0. This border values are considered as hypothetical universal values of the prefactor in the SA eqs. (1) .
However, the existence of such universal values of prefactors can be questioned, particularly when taking into account different categories of glass formers, as discussed above. All these indicate on the necessity of a supplementary analysis, related to: (i) the activation energy determined without the biasing impact of the prefactor and (ii) the impact of the qualitative differences between dynamic the high-and low-temperatures domains. The latter is particularly important, because eq. (4) suggests direct causal link between different dynamic domains.
Following the above discussion, as well as the evidence from Refs. DE a (T) and in the vicinity of T g even DH a (T) ? DE a (T). This is particularly evident for fragile ultraslowing and/or ultraviscous systems.
Discussion
The fragility and the activation energy are the most fundamental characteristics of glass transition. One can expect that a conceptual progress in this challenging area of condensed matter physics needs the unequivocal relationship between these quantities. However, this basic problem appeared to be surprisingly difficult, viz. the title of the recent Ref. 42 : ''The fragility and other properties of glass-forming liquids: Two decades of puzzling correlations''. The current report presents the first ever evidence of the unequivocal link between fragility and ratio of two basic process energies: the activation energy and the activation enthalpy in the low temperature ultraviscous/ultraslowing dynamic domain. It is worth recalling that the activation energy DE a (T) is associated with the energy barrier necessary to boost a process, i.e. a transition state's free energy (the energy barrier) minus the energy of substrate's. This report shows the direct link of fragility to the ratio of these energies: m 5 (2 2 log 10 t 0 )(DH a (T g )/DE a (T g )), but affected by the uncertainty associated with the SA prefactor t 0 (or g 0 ). This biasing impact can be avoided for the Results are for selected glass forming LMW, P, ODC and LC systems (see Table 1 ). 
The latter dependence and eq. (9) yields:
For example, for glass formers with rod-like molecules and the clear uniaxial, orientational symmetry n < 1. One of still mysterious features of the glass transition are different distances between the glass temperature (T g ) and the extrapolated Kauzmann temperature (T K ) in various glass formers 2, 53 . Following the finding the T N 5 T K (see Ref. 30 and Methods section) and eq. Table 1 | The collection of basic ''dynamic'' characteristics parameters for the tested glass forming materials, Glass forming systems analyzed in the given research report. Footnotes close to short names of compounds are for references recalling experimental data sources. Numbers in parentheses ''( )'' denote the value of the fitting errors. The parameters n and T N are for the ''symmetry-related'' exponent n and the singular temperature T N determined via the linear regression fit at 1/I DO (T) plot. The glass transition temperature was estimated using the empirical condition t(T g ) 5 100 s. The Angell fragility index and the new metric parameters are denoted by m and M respectively. The last column (R) gives the range (T g -T end ) of tested experimental data (13) one obtains M/n 5 T N /(T g 2 T N ) 5 M/n, i.e. the relative distance between T K ( 5 T N ) and T g depends solely on the fragility (M) and symmetry related (n). It is notable that eq. (13) makes it possible also unequivocal calculation the t 0 for the SA eq. (2), avoiding any ''ersatz equations'', like the VFT 2 one used so far. Worth noting is the relationship of the new fragility parameter M to the one introduced by Doremus 54 , who applied the empirical finding that at high temperature (HT) the activation energy low (DE HT a , originally denoted as Q L is low) whereas at low temperatures prior to the vitrification its value is high (Q H , DE Concluding, this reports presents the link between fragility and basic process energies, in ultraviscous/ultraslowing glass forming materials lacking so far. However, results presented above are also significant for complex systems and collective phenomena if their dynamics is described by the general super-Arrhenius relation.
Methods
The analysis of experimental data and the model-free route (MFR) method. The ''model-free'' route procedure introduced in Refs. 29, 30 is a novel approach for getting insight into previtreous dynamics based on the transformation of basic structural relaxation time (t(T)) or viscosity (g(T)) experimental data to apparent activation energy temperature index form, the magnitude first proposed for glass formers by Dyre and Olsen (DO) 40 via:
The apparent activation energy DE 0 a T ð Þ~DE a T ð Þ=R is determined from t(T) and g(T) experimental data via the solution of the differential equation resulting from the general SA eq. (2) 29, 30 :
where the apparent activation enthalpy is given by DH . and then it was inherently biased by the generally unknown estimation of t 0 prefactor 2 . In practice, a ''universal'' value of t 0 5 10 214 s was most commonly assumed 2, 40, 41 . An inherent advantage of the MFR approach for determining DE a (T) and I DO (T) includes also the application of a numerical filtering procedure based on Savitzky-Golay principle 29, 30 . In Refs. 29, 30 the MFR have been implemented for a set of 55 glass forming systems, ranging from low molecular weight liquids (LMW) and polymers (P) to liquid crystal (LC), plastic crystal (ODIC) and spin glasses (SGL), in the previtreous domain. The analysis revealed a surprisingly simple pattern for the previtreous dynamics: 1/I DO (T) 5 aT 1 b, with a ? 0 and b ? 0 for all mentioned data sets. This led to the derivation of the new generalized configurational entropy equation
n , where the power exponent is determined as n~{ 1=b ð Þ~{1 I {1 DO T~0 ð Þand T N is the singular temperature estimated via I DO (T 5 T N ) 21 5 0 29, 30 . Recently, basing on the MFR, the clear coincidence between the ideal glass (Kauzmann) temperature T K and T N , i.e. T K 5 T N , was found 30 . The analysis carried out in Refs. 29, 30 revealed that the parameter ranges between 0.18 , n , 1.53, where the lower limit is for systems with the clear positional symmetry (PS) and the higher one for systems with clear orientational, uniaxial symmetry (OS). The dynamics of PS and OS glass formers is relatively well portrayed by the critical-like equation 29, 38 . The third characteristic case is for systems where n 5 1 (no-symmetry). Only in this case the application of the popular Vogel-Fulcher- Tammann (VFT)   2 equation is suitable 29, 30 . Consequently, the fundamental justification of the VFT relation is limited to a small group of glass formers and otherwise (i.e. for n ? 1) it can be considered solely as an effective fitting tool.
The example of analysis employing the MFR analysis, based on transformed t(T) experimental data in supercooled liquid crystalline n-octyloxycyanobiphenyl (8*OCB), is shown in Fig. 6 . The way of determining the basic parameters is indicated.
Values of primary relaxation times t(T) were determined as the reciprocal of the peak frequency of e0(f) loss curve, obtained from broad band dielectric spectroscopy measurement (see Refs. 29, 30). Derivation of the general form for the activation energy temperature index (eq. (12) . Recalling the Adam-Gibbs theory for glass transtion 2, 52 , the apparent activation index can be written as 29, 30 : 
